FARKAS-HIMSLEY, H. (Hebrew University-Hadassah Medical School, Jerusalem, Israel). Killing of chlorine-resistant bacteria by chlorine-bromine solutions. Appl. Microbiol. 12:1-6. 1964.-The disinfective power of chlorine, bromine, and mixtures of chlorine and bromine at different ratios was compared. The influence of pH was also studied. The experiments were carried out in "purified" water and in natural waters of swimming pools, river, and sea. In the presence of high amounts of nitrogenous growth-promoting material (at neutral pH), bromine was more effective than chlorine; in waters containing low amounts of nitrogenous growth-promoting material, chlorine was found superior. Mixtures of chlorine and bromine at various ratios were found to increase in effectiveness inversely to the percentage of hypobromite generated, down to 10 or 5%. Such effectiveness was found at pH levels of 5.4 to 8.6 in both purified and natural water containing high and low amounts of nitrogenous growth-promoting material. Therefore, the above mixtures seem of practical value for the disinfection of various natural waters. Escherichia coli isolated in the presence of chlorine, either from swimming pools or after deliberate exposure to the halogen, were shown to be chlorine-resistant mutants. Their resistance was maintained for at least nine passages in the absence of the disinfectant, which accounts for the number of passages tested. Chlorine-resistant mutants were not affected by bromine alone but did show a marked sensitivity to low concentrations of bromine active in the presence of chlorine. This was achieved by admixing small amounts of bromide to hypochlorite. A hypothetical model is presented to explain the synergistic sequential block by the two disinfectants. Some chlorine-resistant mutants were found to have changed into relatively slowgrowing organisms with a changed phage-sensitivity pattern.
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Chlorine (C12) or bromine (Br2) are widely used in the sterilization of water. It was known that hypochlorite reinforced by bromide has a superior effect in bleaching cellulosic fibers to hypochlorite used alone . The advantage in the combined effect of both halogens was attributed to the continuous generation of hypobromite by oxidation of bromides with hypochlorite as long as hypochlorite is in excess (Farkas, Lewin, and Bloch, 1949) .
C10-+ Br--* BrO-+ ClBrO-+ organic substrate > Br-+ organic substrate (oxidized) 'Present address: D)epartment of Microbiology, School of Hygiene, University of Toronto, Toronto, Canada.
Further, hypobromite may attack sites other than those attacked by hypochlorite.
On the assumption that the above reaction may also involve an advantage in sterilizing bacteria, the present investigation was undertaken.
MATERIALS AND METHODS Bacteria. Escherichia coli, grown on nutrient agar, exposed to chlorine (introduced as hypochlorite), or isolated from chlorinated swimming pools, was used. The culture was washed in saline, and numbers of bacteria were determined turbidimetrically by use of a spectrophotometer (Unicam Instruments, Ltd., Cambridge, England) at 650 my. The relation of turbidity to number of viable bacteria was predetermined. The bacteria were maintained on nutrient agar slopes.
Identification of purity of culture. Routinely, bacteria were tested for Gram stain, biochemical reactions, and bacteriophage sensitivity. Biochemical reactions tested were indole formation and lactose and glucose fermentation. Bacteriophage sensitivity was tested by a streak method. T1 coli-phage was streaked on an agar plate, and the bacteria to be tested were cross-streaked at a right angle to the phage. Inhibition of growth at a distance of approximately 5 mm from the phage streak indicated phage sensitivity.
Collection and treatment of water samples. Samples of water, from locations near to and far from the chlorination source, were collected in 250-ml Erlenmyer flasks.
Adjustment of pH. The desired pH was obtained by use of Sorensen's phosphate buffer (0.067 M), and was determined in a Beckman pH meter.
Preparation of disinfectant. Sodium hypochlorite was kindly provided by the Dead Sea Works Ltd., Beer Sheba, Israel. Hypobromite was obtained by admixing potassium bromide (KBr) to sodium hypochlorite in aqueous solution. For reference, a 100 % solution of hypobromite (HBrO) was that obtained by adding equimolar concentrations of KBr. However, if in relation to hypochlorite only 10, 25, 50, or 75 % hypobromite was desired, then the respective percentages of the equimolar concentration of KBr were added to hypochlorite. Such solutions will be referred to as "mixtures of chlorine-bromine at the appropriate percentage."
Estimation of free residual chlorine and bromine. Chlorine was estimated by the standard arsenite method. Bromine, however, was estimated by the method described by Far-FARKAS-HIMSLEY kas and Lewin (1947) . The concentrations referred to in the text relate to chlorine and bromine.
Two methods were used for evaluation of the disinfective power.
Turbidimetric method. Bacteria at a desired concentration were added to phosphate buffer at the required pH. Next, the disinfectant under test was added at room temperature for a specified time and then neutralized, if desired. Concentrated minimal liquid medium (Davis and Mingioli, 1950) was then added to enhance growth of the surviving bacteria. Turbidimetric readings were made after incubation at 37 C, and the number of bacteria was determined. Finally, the per cent inhibition (or stimulation) of bacterial growth was calculated in comparison with controls without a disinfectant.
Disinfectant-sensitivity plate method. The disinfectants were tested in the presence of organic substances on agarpeptone medium (1.25% agar-agar and-0.5 % peptone dissolved and sterilized by autoclaving). A 1-ml portion of an E. coli suspension containing 108 organisms per ml was added to 6 ml of the above medium before solidification, and plates were poured. Incubation at 37 C for 3 hr followed. The disinfectants were then dropped on the surface, and the plates were incubated overnight. The diameter of the inhibition zone was expressed in millimeters.
Evaluation of chlorine resistance. Chlorine resistance was evaluated by the "most probable number" (MPN) method (American Public Health Association, 1960) . E. coli, suspected as chlorine-resistant, were added to a buffered chlorinated solution at a required pH and temperature. Chlorine-sensitive E. coli were used as a control. Each test consisted of three sets, which differed by a tenfold concentration of bacteria used therein, to simulate the "MPN E. coli presumptive test" (American Public Health Association, 1960) . After a required contact time, 0.5 ml of the bacteria-disinfectant solution was added to five test tubes, each containing 4.5 ml of nutrient broth (Difco). The disinfectant was thus neutralized by dilution. With high con- centrations of disinfectant, thiosulfate was the neutralizing agent. The number of test tubes showing growth after overnight incubation at 37 C was recorded. The final survival rate was evaluated statistically from Hoskins Tables (American Public Health Association, 1960) . Other experiments were carried out in which the survivors were determined by the plate-count method (American Public Health Association, 1953) .
RESULTS
Determination of disinfective poweCP of chlorine or bromine and their mixtures by the turbidimetric method. In purified KILLING OF CHLORINE-RESISTANT BACTERIA water, the killing efficiency of the chlorine-bromine mixtures increased inversely to the percentage of hypobromite generated, down to a mixture of 5 or 10% (Table 1) . (Purified water was obtained by triple distillation in the presence of KMnO4, in an all-glass still.) Such results were observed at five different pH levels tested, between 5.4 and 8.6. It was also noted that bromine was less effective than chlorine. Upon further incubation (Table 2) , the inhibitory power of the mixture persisted, whereas chlorine alone and bromine alone lost their inhibitory effect. Indeed, it was noted that bromine stimulated growth at low pH values, while chlorine stimulated growth at high pH values. Thus, the seemingly equal inhibitory effect of hypochlorite 1.7 X 1.2* 1.6 X 1.9 1.1 X 1.1 1.5 X 1.3 1.6 X 1.5 7 1.7 X 1.4 1.6 X 2.0 1.2 X 1.1 1.3 X 1.3 2.0 X 2.0 7.8 1.7 X 1.0 1.8 X 1.1 0.8 X 0.8 1.2 X 1.1 1.4 X 1.2 9 1.5 X 1.0 2.5 X 2.0 0.8 X 0.8 1.0 X 1.0 1.1 X 1.0 * Zone of inhibition expressed in millimeters. t R = E. coli isolated at the rim of inhibition zone; H = isolated from secondary inhibition zone; S = parent strain, chlorinesensitive. (See Fig. 2.) and the mlixture disappeared (Table 1) , and the superiority of the mixture came to the fore. The effectiveness of the mixture persisted at all pH levels tested.
In natural waters containing high amounts of nitrogenous growth-promoting material, at pH 7.2 (Fig. 1) , bromine was found more effective than chlorine. However, in waters containing low amounts of nitrogenous growthpromoting substances chlorine was found superior. Stimu- Of interest is the finding that, for both groups of water, the combined effect of the chlorine-bromine mixture at 5 and 10% had a marked and persistent inhibitory effect which exceeded that of each of the halogens.
Re-evaluation of the disinfective power of chlorine or bromine and their mixtures by the disinfectant-sensitivity plate method. Very marked inhibition zones were noticed when chlorine and bromine merged on the plate in the presence of organic material (Fig. 2) . Similar increased inhibition zones were obtained when the two disinfectants were premixed and dropped on the plate. Premixtures of iodine with chlorine were also used, and the results are given at t RL-Br, E. coli isolated from chlorinated swimming pool (group L) and grown in presence of 0.6 ppm of bromine; RH-Cl, E. coli isolated from chlorinated swimming pool (group H); S-Cl/Br, E. coli not exposed previously to the above halogens.
t Number of tubes with growth per total number of broth tubes inoculated.
varying pH levels (Table 3) . Increased inhibition zones were obtained when bromine and also iodine were active side by side with chlorine. Chlorine resistance of E. coli isolated from halogen-sensitivity plates. The observation of surviving multiplying bacteria in water treated with chlorine or bromide alone and the efficient disinfective power of the chlorine-bromine mixtures led us to investigate whether such bacteria are halogen-resistant and whether a bromine-chlorine mixture is more effective than each of the halogens alone against the above-mentioned surviving bacteria.
The degree of chlorine resistance in bacteria which grew at the rim of the inhibition zones and in the secondary inhibition zones (R and H, respectively; Fig. 2 ) are given in Table 4 . An increased resistance to chlorine was found in both R and H bacteria as compared with the parent strain which did not come in contact with chlorine. Similar results were obtained when the MPN method was used.
Chlorine resistance in E. coli as related to growth rate and phage sensitivity. Table 5 represents typical results, indicating a high degree of chlorine resistance obtained with E. coli which had survived previous deliberate exposure to a relatively high concentration of chlorine. Chlorine resistance was maintained in the culture when tested after nine transfers in the absence of disinfectant. The parent strain (control) failed to grow in the presence of the above concentrations of chlorine. In addition, some of the resistant mutants grew out only after 2 or 3 days of incubation (Table 5 ). Such retarded growth was caused either by a long generation time or by a prolonged lag phase of growth, and was maintained after removal of the disinfectant. Simultaneously, such slow-growing mutants became phageresistant, unlike the rapidly growing mutants and the parent strain, which maintained phage sensitivity.
Effect of chlorine or bromine and their mixtures on chlorineresistant bacteria isolated from chlorinated swimming pools. E. coli was isolated from a swimming pool, containing water with high amounts of nitrogenous growth-promoting KILLING OF CHLORINE-RESISTANT BACTERIA material, and 0.4 ppm of free residual chlorine. The above culture was then exposed to 0.6 ppm of chlorine, bromine, and their mixtures of 5 and 10 % at pH 7 and 5.3. The tests were carried out in the swimming pool water from which the bacteria were isolated. After incubation, bacterial growth was measured turbidimetrically and expressed as optical density. Another culture not exposed to chlorine served as control. Figure 3 gives the results obtained at pH 7. The chlorine-resistant bacteria grew better in the presence of chlorine than did the parent control culture. This confirms the halogen-resistant nature of the former. Quite unexpected were the findings in the presence of bromine, which indicated that chlorine-resistant bacteria were also resistant to bromine. The sensitive bacteria were greatly inhibited by chlorine and by bromine. Similar results were obtained at pH 5.3; however, bromine was found less active than chlorine. It is noteworthy that the chlorine-bromine mixture of 10 % was very effective and inhibited completely the chlorine-resistant strain at both pH 7 and 5.3.
Effect of chlorine on bromine-resistant E. coli. Bacteria used were (i) survivors after exposure to bromine, (ii) survivors after exposure to chlorine, and (iii) bacteria never exposed to either of the halogens. The bromine-resistant mutants were sensitive to chlorine, as was the strain which was never before in contact with either of the halogens (Table 6 ). The chlorine-resistant strain, however, showed marked resistance to chlorine under the test conditions employed.
Effect of chlorine reinforced by bromides on chlorine-resistant E. coli. Since previous experiments indicated that chlorine-resistant mutants were also resistant to bromine but were affected by the chlorine-bromine mixture at 5 and 10% (Fig. 3) , it was decided to examine this effect in more detail.
Two different waters, assayed for the presence of naturally occurring amounts of bromides by the method of Farkas and Lewin (1947) , were used: Sorensen's buffer with 0.06 ppm of Br-and saline with 0.4 to 0.5 ppm of Br-. Chlorine-resistant bacteria were exposed to chlorine in both these waters, and their resistance was evaluated. The results indicate that chlorine reinforced by 5 to 10 % bromide was effective in decreasing the number of chlorineresistant bacteria, whereas similar concentrations of chlorine reinforced by only 0.6 to 1.2 % bromide had no such effect and gave results similar to those obtained with chlorine alone (Table 7) .
DISCUSSION
The results obtained shown that, when small residuals of the halogens (chlorine or bromine) were used over prolonged periods, bacterial growth became apparent which increased over controls to which no disinfectants were added. Similar observations of bacterial survival in the presence of residual amounts of chlorine were reported by Bogolyubov (1947) in water, by Allen and Brooks (1949) in sewage, and by McLean, Brown, and Nixon (1961) in swimming pools. Observations of stimulation of bacterial growth were also reported by Allen and Brooks (1949) .
When chlorine-bromine mixtures were used, it was The alternate enzyme is being synthesized which leads to the formation of Cl. There is a trickle of leakage past the first block (B-C) which proceeds at a reduced rcaction rate to 1). This reaction is required for synthesis of alternate enzyme leading to Cl. The above chlorine-resistant bacteria were found, however, to be highly sensitive to the chlorine-bromine mixture. Thus, it was postulated that the chlorine-resistant bacteria have developed specific sites prone to inactivation by bromine. However, when chlorine-resistant bacteria were tested for an expected increased sensitivity to bromine, the results were negative (Fig. 3) . Such seemingly contradictory results can be explained as follows (Fig. 4c) . In chlorine-resistant mutants, an alternate metabolic pathway with its new enzyme(s) (Cl) is well developed and in adequate supply. Chlorine-resistant bacteria are thus resistant to bromine (Fig. 3) , since the site of attack (C-D) is obviated. On the other hand, in the presence of chlorine (Fig.  4d) bacteria are synthesizing the new enzyine(s) needed for the alternate metabolic pathway (C1). Concurrently, a trickle of leakage exists past the first block (B-C), which proceeds at a reduced reaction rate to D. The latter step (C-D) is required for synthesis of the alternate enzyme(s), leading to the formation of C1, operative in chlorine-resistant mutants. Bromine, if present under such conditions (chlorinle-bromine mixtures), will cause a sequential block (Woodruff and McDaniel, 1958) as shown in Fig. 4d . The other pathways, which may operate with halogen-resistant mutants or their sensitive parent strains, are also described in Fig. 4 .
The above results indicate the advantage in reinforcing chlorine with 5 to 10 % bromide, whenever prolonged chlorination with small residuals is practiced, and chlorineresistant mutants have the chance to make their appearance.
Of fundamental interest is the fact that some chlorineresistant mutants change their pattern of phage sensitivity and physiological behavior, which is expressed in slow growth. Changes in growth rate of drug-resistant mutants (Paine and Finland, 1948; Klein and Kimmelmani, 1946) and changes in phage sensitivity of auxotrophic mutants (Hayes, 1953) 
